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Abstract: Inhaled nitric oxide (iNO) is a pulmonary vasodilator approved for use to
improve lung function in neonates >34 weeks’ gestational age with hypoxic respiratory
failure and pulmonary hypertension. Infants with severe respiratory disease frequently
require magnetic resonance imaging (MRI) scans for evaluation of treatment and diagnosis
of concurrent disease processes. Until 2015, incompatibility between the standard iNO
delivery system components and the magnetic field within the MRI setting required iNO
treatment to be interrupted for MRI, which could increase risk of deoxygenation and rebound
pulmonary hypertension. In some cases, patients had to forego or delay MRI in order to
maintain uninterrupted iNO delivery. The US Food and Drug Administration cleared the first
iNO delivery system specifically modified for conditional use with MRI scanners (INOmax
DSr® Plus MRI) in 2015, based on the determination that the MRI-cleared system met the
performance standards equivalent to the standard system. The system design and manufac-
turer risk management activities, as well as the regulatory requirements for clearance and
continued use, provide necessary safeguards to ensure that high-risk neonates receive unin-
terrupted iNO in a safe manner. Anecdotal reports suggest that adoption of the MRI-cleared
system may help optimize care for critically ill neonates who require concurrent administra-
tion of iNO and MRI scanning. Further research will be necessary to quantify the nature and
magnitude of clinical improvements associated with adoption of the MRI iNO delivery
system.

Keywords: critical care, drug delivery systems, magnetic resonance imaging, newborn,
nitric oxide

The Role of Nitric Oxide in Neonatal Hypoxic

Respiratory Failure

Nitric oxide (NO) is a naturally occurring, selective pulmonary vasodilator that
plays a role in synaptic plasticity, cerebral blood flow, platelet aggregation, and
other physiological functions.' Due to its very short half-life (<1 second), the
effects of inhaled NO (iNO) are limited to the pulmonary vasculature, where
arterial dilation lowers arterial pressure and reduces right-to-left intra-cardiac
shunting without the systemic hypotension associated with longer-acting pulmonary
vasodilators.' ™ In the neonatal care setting, infants born at or near term with severe
hypoxic respiratory failure are usually treated supportively with supplemental
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oxygen and positive pressure ventilation.” In cases where
infants have pulmonary hypertension and are not ade-
quately responding to these supportive measures, treat-
ment with iNO is often used. If these less-invasive
therapies fail, the subsequent requirement for extracorpor-
eal membrane oxygenation (ECMO) is associated with in-
hospital mortality of up to 61%, and disability, cognitive
or physical delays, or motor difficulties in as many as 26%
of survivors.”®

Treatment with iNO can reduce the need for
ECMO,” '™ and in 1999 the US Food and Drug
Administration (FDA) approved iNO (INOmax®; INO
Therapeutics LLC, Hazelwood, MO, USA) to improve
oxygenation and reduce the need for ECMO in neonates
>34 weeks’ gestational age with hypoxic respiratory fail-
ure associated with pulmonary hypertension.'> The most
predictable adverse effects of iNO (methemoglobinemia,
bleeding disorders, and accumulation of potentially toxic
levels of nitrogen dioxide [NO,]) are uncommon with the
low doses used clinically.*'® Toxic NO, accumulation can
also be minimized by mixing NO into ventilator circuits
near the patient, flushing delivery systems before use, and

constant monitoring of ventilator gas concentrations.™'®

The Need for Uninterrupted NO
Delivery in the MRI Suite

Infants with severe respiratory disease frequently require
magnetic resonance imaging (MRI) scans to evaluate treat-
ment and diagnose concurrent disease processes. Until
2015, incompatibility between ferromagnetic components
in the standard iNO delivery system and the magnetic field
in the MRI suite often led to a dilemma in which clinicians
had to choose to: 1) forgo or delay imaging; 2) interrupt
continuous iNO delivery to perform imaging;'’ 2" or 3)
modify the standard system for use in the MRI setting.”'
Forgoing or delaying imaging could impede accurate
diagnosis and treatment, and compromise clinical deci-
sion-making. Interruption of iNO delivery could lead to
a potentially dangerous reduction in oxygenation and/or
rebound pulmonary hypertension.'”2%?* Improvised mod-
ification of the standard iNO delivery system for use in an
MRI setting could cause MRI or iNO system shutdown or
malfunction and risk physical injury associated with mag-
netic attraction of system components. A few reports of
investigator-improvised modifications have been pub-
lished. Devendra et al*' evaluated administration of iNO
using an investigator-modified system in a single adult

male patient undergoing preoperative cardiac MRI. To
allow the delivery system to remain outside the MRI
suite, the investigators extended the delivery tubing using
5 pieces of standard 7-foot AirLife O, tubing, connected
by AirLife O, tubing connectors (Cardinal Health, Dublin,
OH, USA) and passed the extended tubing through
a shielded electrical channel toward the patient. After
a baseline MRI scan, the patient received 40 ppm iNO
through a non-rebreather mask connected to the modified
system. Measurement of mean NO and O, delivery, and
NO, levels, indicated similar results when using the mod-
ified and standard (unmodified) systems at iNO doses of
<20 ppm. However, at iNO doses >40 ppm, there was
a statistically significant increase in NO, levels delivered
with the modified system compared with the standard
system (0.5 vs 0.33 ppm [P=0.04] and 1.5 vs 0.73 ppm
[P=0.02] with iNO doses of 40 and 80 ppm, respectively),
possibly due to increased exposure time between NO and
O, in the extended tubing. Results from this single-patient
study prompted the same investigators to conduct a larger
study in which cardiac MRI was performed at 1.5 Tesla
(Magnetom Avanto; Siemens Medical Systems, Erlangen,
Germany) while delivering continuous iNO using their
modified device in 16 patients with pulmonary valve insuf-
ficiency and repaired tetralogy of Fallot or pulmonary
stenosis.”* In this study, all right and left ventricular volu-
metric measurements remained unchanged when using the
modified device, and no significant changes in aortic flow
parameters were observed. NO, levels were not evaluated.
Although the investigators concluded that this study
demonstrated proof of concept for safe use of a modified
iNO delivery system within the MRI suite, the safety risks
and legal liabilities associated with adverse outcomes from
use of an improvised system in larger, more heterogeneous
patient populations were not addressed.

In all of the situations described previously the quality
of care in critically ill neonates was at risk of being
compromised due to limitations of the available technol-
ogy. Clearly, there are numerous potentially serious
hazards that can arise when untested improvisations are
made to iNO delivery systems. An overview of potential
hazards that have been identified to date in MRI settings is
provided in the Table 1. During the past decade there has
been increased focus on regulatory standards for validation
and/or proof of appropriate use of medical devices, includ-
ing International Organization for Standardization (ISO)
standards 13485 and 14971, and the Medical Device
Single Audit Program (MDSAP). Given these standards,
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Table | Potential Hazards When Using Improvised Devices to Deliver Inhaled Nitric Oxide in the MRI Suite
Category Hazard Potential Harm Probability | Probability Severity
of of Harm if of
Hazardous | Hazard Potential
Situation Occurs Harm
MRI scanner Electromagnetic interference resulting Deoxygenation and rebound Remote Probable Critical
magnetic field in cylinder valve appearing closed when | pulmonary hypertension
effect valve is actually open
Device parts become projectiles or are | Patient or staff injury from Probable Remote Critical
pulled into MRI scanner opening projectiles; device disassembly
Device shutdown/interruption of Deoxygenation and rebound Frequent Remote Serious
therapy pulmonary hypertension
iNO delivery iNO delivery system causes Diagnostic image distortion and/or | Probable Occasional Critical
system/MRI electromagnetic interference with MRI | artifacts, with potential for delayed
scanner scanner or inaccurate diagnosis
incompatibility
Incompatible metal parts in iINO Patient exposed to overheated Unknown Remote Serious
delivery device overheat when exposed | metal
to MRI scanner radio frequency energy
Treatment User switches between non-MRI- Deoxygenation and rebound Frequent Remote Serious
delivery compatible and MRI-compatible devices | pulmonary hypertension
during transport to MRI suite®
Use outside of Long MRI scanner cables cause dangers | Patient or staff injury from tripping, | Probable Remote Critical
specification associated with machinery drops, entanglement, projectiles
tripping, projectiles
Extended tubing leads to altered iNO Insufficient or excess dose of INO; | Unknown Unknown Unknown
dose and/or NO, accumulation and/or | NO, toxicity; NO, alarm
device shutdown inactivates machine as safety
precaution
Incompatible ventilator use NO, 25.0 ppm exposure Probable Occasional Minor

Notes: *This is a routine requirement before MRI scanning, and is therefore considered a “frequent” risk.
Abbreviations: iNO, inhaled nitric oxide; MRI, magnetic resonance imaging; NO,, nitrogen dioxide.

modification or use of devices without regulatory clear-
ance, not only runs the risk of serious patient harm, but
may also have legal and/or regulatory consequences.

Development and Evaluation of an
MRI-Compatible NO Delivery
System

With the goal of improving patient access with ensured
safety in MRI settings, the manufacturer (Mallinckrodt
Pharmaceuticals, Bedminster, NJ) undertook development
of an MRI-compatible iNO delivery system to meet the
unmet need for such a system. The FDA-mandated pro-
cess to obtain clearance for an MRI-compatible system
required the manufacturer to demonstrate that it was at

least as safe and effective as the legally marketed standard
system (INOmax DSr®; Mallinckrodt Pharmaceuticals),
a standard known as substantial equivalence. In order to
minimize potential harm to patients and achieve regula-
tory clearance, rigorous steps had to be taken by the
manufacturer to address foreseen risks associated with
the MRI-compatible system. As part of the clearance
process, the system was tested inside both 1.5- and
3.0-Tesla MRI suites with the MRI scanner running,
while concurrently testing 3 commonly used ventilators.
Other parameters assessed under these 1.5- and 3.0-Tesla
MRI conditions include: quantitative analysis of impact
of the iNO system on signal-to-noise ratio of acquired
MRI images and evaluation of image artifacts; displace-
ment testing of all iNO system components; validation of
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overall proper functioning of the iNO system; and valida-
tion of overall proper functioning of both the iNO system
and ventilator or other gas delivery systems when used
concomitantly with the iNO system. This testing revealed
a negligible effect on acquired image quality (signal-to-
noise ratio, geometric distortion) for image sequences
anticipated to be susceptible to imaging artifacts.”* The
device manufacturer also implemented a comprehensive
risk management plan with defined risk management
activities for the system hardware, software, cart, regula-
tor, and the iNO blender system, which mixes iNO with
O, before patient delivery. The plan defined criteria for
risk acceptability, ensured that risk controls built in dur-
ing system design addressed identified hazards, and
ensured that the system was compliant with the ISO
14971 standard for application of risk management to
medical devices.”> It also provided for postmarketing
risk reviews and external audits to be conducted every
24 months.

A comprehensive risk review conducted in October 2015
concluded that all identified hazards/associated risk level
scores were as low as reasonably possible. Later that year,
the FDA cleared the first iNO delivery system for conditional
use with MRI scanners, allowing uninterrupted iNO delivery
during transport to and from the MRI scanner, and during
MRI scanning (INOmax DS;® Plus MRI; Mallinckrodt
Pharmaceuticals, Bedminster, NJ) (Figure 1)

Safety Features of the
MRI-Validated iNO Delivery System

Key modifications to the standard iNO delivery system
made to facilitate safe use in the MRI suite include instal-
lation of auto-brake engagement of cart casters; integrated
gauss alarms on both sides of the cart that are triggered if
the system breaches the safety zone around the magnetic
resonance bore; integrated tether attachment; modified
system software to improve user safety in MRI environ-
ments; and adaptations to the cart hardware. Other safety
features of the MRI-cleared system include integrated
monitoring of inspired O,, NO, and NO, levels, longer
injector module cables, tubes and sample lines than the
standard system to ensure that the MRI-cleared system can
be located at a safe distance from the scanner, and backup
functions for critical components (battery that provides up
to 6 hours of uninterrupted iNO delivery; integrated pneu-
matic iNO delivery backup that provides 250 mL/min of
iNO, which equates to delivery of 10 L/min of oxygen and

20 ppm of iNO to the patient breathing circuit). Labeling
for the MRI-cleared system allows for use in environments
with MRI scanners of 1.5- or 3.0-Tesla strength, in areas
with field strength <100 gauss, with compatible ventilators
including MVP-10 (Bio-Med Devices, Guilford, CT), LTV
1200 MRI (CareFusion, Franklin Lakes, NJ), and SERVO-
i (Maquet, Wayne, NJ), and with a nasal cannula with
7-foot supply tubing (infant, 1601; Salter Labs, Lake
Forest, IL, USA).

The system’s “dual-channel” design has one channel
that includes the delivery central processing unit (CPU),
flow controller, and injector module to ensure accurate
delivery of iNO and ventilator waveform tracking.
The second channel (the monitoring system) includes
a separate monitor CPU; NO, O,, and NO, cells; and the
user interface, including the display and a wide-ranging
alarm system. This design permits iNO delivery indepen-
dent of monitoring and allows the monitoring system to
shut down iNO delivery if the monitored concentration
exceeds 100 ppm for 12 consecutive seconds, or if serious
problems with the monitoring system are detected.

Application of the INOmax DS\
Plus MRI System: Case Examples

Clinician experiences from Children’s National Health
System in Washington, DC demonstrate successful appli-
cations of the INOmax DS g Plus MRI system. Two MRI-
cleared systems were obtained to guarantee continued
operation in case of single device malfunction, and these
were stationed near the cardiac catheterization lab and the
MRI suite. The MRI-cleared systems were commonly used
in the cardiac intensive care unit for patients who had
congenital heart disease requiring MRI visualization of
cardiac defects; many patients in the neonatal intensive
care unit also required the new technology. Manufacturer-
sponsored educational support and in-service programs
provided training to ensure that hospital staff were con-
fident in operating the system. Anecdotal staff reports
suggest that the number of patients receiving iNO while
undergoing MRI scans increased after MRI-cleared sys-
tems became available.

Review of medical records at Children’s National iden-
tified three illustrative cases in which use of the INOmax
DS;g Plus MRI system allowed patients receiving
extended iNO therapy to undergo timely diagnostic MRI
scanning that facilitated appropriate management. In the
first case, a 5-month-old female with a double inlet left
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Figure | Schematic diagram of the INO,,,x DS Plus Magnetic Resonance Imaging System. Reproduced with permission from INOmax DS;z® Plus MRI Operation Manual,
Mallinckrodt Pharmaceuticals, Hampton, NJ, USA; 201524

Abbreviations: CPU, central processing unit; DSg, inhaled nitric oxide delivery system; iNO, inhaled nitric oxide; MR, magnetic resonance; NO, nitric oxide; ppm, parts
per million.
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ventricle and aortic coarctation experienced seizures fol-
lowing stage 2 cardiac repair. While the infant was intu-
bated on pressure control ventilation and iNO therapy at 5
ppm, MRI scanning revealed a possible left-sided middle
cerebral artery aneurysm. Repeat MRI excluded an aneur-
ysm, confirming that the visualized area of reduced blood
flow was due to a previous postoperative stroke. In this
case, the MRI-cleared system allowed this ventilated
patient to continue receiving her iNO therapy without
interruption during MRI scanning.

In the second case, an 11-month-old male with DiGeorge
syndrome, tetralogy of Fallot, and pulmonary atresia had
undergone banding of the left subclavian artery, and right
ventricle to right and left pulmonary vessel conduit surgery.
Following the most recent surgery, during which the patient
was intubated and receiving iNO at 5 ppm, neurological
examination revealed almost no movement in his right
upper extremities. MRI scanning demonstrated findings con-
sistent with a recent left centrum semiovale, perirolandic
infarction, and a small subdural hematoma. Identification of
the stroke informed the medical plan for this patient.

In the third case, an 11-year-old male with heterotaxy,
an atrioventricular canal defect, and pulmonary atresia had
undergone multiple previous surgical procedures, includ-
ing a bilateral bidirectional Glenn procedure with
a fenestrated fontan. Cardiac hemodynamics had been
favorable since then. On presenting with acute respiratory
distress, the patient was found to have plastic bronchitis
requiring frequent therapeutic bronchoscopies to remove
airway casts. After pulmonary consultation determined
probable pulmonary lymphatic perfusion syndrome, MR
lymphangiography was undertaken to assess the patient,
who was mechanically ventilated and on iNO at 20 ppm.
MRI demonstrated contrast in the upper thorax, suggesting
reflux of lymph fluid above the level of the thoracic ducts.
The patient was transferred to a specialist facility for
lymphatic intervention. In this case, the MRI-conditional
system allowed uninterrupted delivery of iNO during con-
firmation of etiology, which facilitated rapid specialist
care.

Conclusion

Use of modified iNO delivery systems that have not
received regulatory clearance for use in the MRI suite
can result in treatment interruption and poses other safety
risks to patients, including critically ill neonates, as well as
healthcare providers. An iNO delivery system designed
and cleared for safe use in the MRI suite offers clinicians

and hospital administrators the opportunity to optimize
care by providing continuous iNO to some of the most
vulnerable patients, while still meeting their MRI needs.

Abbreviations

CPU, central processing unit; ECMO, extracorporeal
FDA, US Food and Drug
Administration; FiO,, fraction of inspired oxygen; ICU,

membrane oxygenation;

intensive care unit; iNO, inhaled nitric oxide; ISO,
International Organization for Standardization; IV, intrave-
nous; MDSAP, Medical Device Single Audit Program;
MR, magnetic resonance; MRI, magnetic resonance ima-
ging; NO, nitric oxide; NO,, nitrogen dioxide.
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